. Another way is that these on the signal-induced activation of transcription factors tails are subjected to a diverse array of posttranslational and components of the transcription machinery. Howmodifications, such as acetylation and phosphorylation ever, chromatin, the physiological packaging structure (Figure 1 ), which may modulate the contacts between of histones and genomic DNA, has largely been nehistones and DNA. Because these modifications are reglected as a relevant target of signaling pathways. Given versible, they can act as chromatin-based "on/off" the growing appreciation of chromatin structure as an switches that regulate a multitude of DNA-related proimportant element regulating gene expression, we precesses. Moreover, since the histone tail domains are sent in this review evidence that signaling pathways act highly accessible to the nuclear environment, they condirectly on chromatin components to regulate different stitute attractive targets for signal-activated enzymes, DNA-templated processes. More specifically, we proand may function as important links between signal pose that the N-terminal tails of histones are targeted transduction and gene expression. Given the prominent by multiple pathways, and that reversible covalent modirole that dynamic phosphorylation plays in signal transfications are used in combinatorial fashion to elicit apduction, in this review we have centered our discussion propriate downstream responses. mainly on core histone phosphorylation. However, it is likely that the central concepts discussed here are also applicable to other covalent modifications known to inCore Histone Proteins and Chromatin Structure fluence histone structure and function. Histone proteins, assembled with DNA to form nucleosomes, are the basic building blocks of chromatin. Not surprisingly, the four core histone molecules, H2A, H2B, Histone Phosphorylation and Transcriptional Activation Perhaps the best characterized link between signal H3, and H4, are among the most evolutionarily conserved proteins known (van Holde, 1988 patches" may engage acidic residues on other histones or on chromatin-associated factors, and that reversible phosphorylation may be utilized to disrupt these electrolinkages to histidine, lysine, and arginine residues of static interactions and thereby unfold the chromatin fihistones have been reported (reviewed in van Holde, ber. Indeed, recent evidence suggests that modulation 1988). We speculate that short basic stretches within of "charge patches" in linker histone H1 via reversible histones may represent "spot-welding" modules used phosphorylation can regulate transcription, presumably to stabilize higher-order chromatin structure. Moreover, through altering higher-order chromatin structure (Dou phosphorylatable (or acetylatable) amino acid residues and Gorovsky, 2000). located within these basic patches may be targets for In addition to basic patches flanking serines 14 and signal-activated kinases/acetyltransferases, and may 32 of H2B, another critical and well-studied basic region regulate dynamic changes in chromatin structure at seis present adjacent to the histone fold domain of H4. This lected loci of the genome. transcription-associated H3 phosphorylation and MAP ( Figure 5C ). All in all, the many possible combinations kinase pathways, indirect evidence suggest that histone of different histone modifications are staggering, and methylation may also be linked to the JAK/STAT signalthe challenge, and excitement, for future research is to ing pathway. By yeast two-hybrid assay, Pollack et al.
Moreover, EGF-stimulation is not known to activate the p38 pathway, and therefore, additional kinases besides 1999b). Phosphorylation of H3 occurs at serine 10 (Ser10) of the N-terminal tail, and the time course of H3 Rsk-2 must be involved in the nucleosomal response. Indeed, another study has advocated the Rsk-related phosphorylation closely corresponds to the transient expression of activated immediate-early genes, sugMsk-1 (MAP-and Stress-activated kinase 1) as another kinase responsible for H3 phosphorylation (Thomson et gesting that this histone modification is linked to transcription activation. Further studies of this nucleosomal al., 1999a). Msk-1 is activated by both ERK and p38 pathways, and it is possible that both these pathways response showed that the p42/p44 mitogen-activated protein (MAP) kinase pathway (also known as ERK pathcan activate this kinase to phosphorylate H3. It is becoming clear that multiple enzymes can phosphorylate way), as well as the stress-activated p38 pathway, can each induce H3 phosphorylation (reviewed in Thomson H3 (see later section also), and the challenge for future studies is to determine how this single histone modificaet al., 1999b). The ERK pathway is one of the best defined signaling pathways, and many of the kinases intion, induced by different signaling pathways, can elicit diverse cellular responses. This will likely involve addivolved in this cascade have been identified (reviewed in English et al., 1999). Simplistically, exposure of cells to tional targets, and perhaps additional histone modifications that are induced by these signaling pathways extracellular growth factors induces this kinase cascade which activates the p42/p44 (ERKs 1 and 2) through Ras and Raf, and in general, induces proliferation as a Potential Effects of H3 Phosphorylation At present, how histone H3 phosphorylation affects response. By comparison, the related p38 pathway is not as well characterized (reviewed in Tibbles and gene expression is not known. One possibility is that the addition of negatively charged phosphate groups to Woodgett, 1999). It is activated by stress producing stimuli such as toxins and UV, and elicits responses the N-terminal H3 tails may disrupt electrostatic interactions between the basic H3 tails and the negatively including apoptosis or inflammation. Recently, it has been shown that the ERKs-activated Rsk-2 kinase is charged DNA backbone, and thereby increase the accessibility of the underlying genome to nuclear factors. directly involved in H3 phosphorylation in vivo (SassoneCorsi et al., 1999). Cells derived from Rsk-2-deficient A similar hypothesis has been put forth to explain the facilitative effect of histone acetylation on gene expresCoffin-Lowry syndrome (CLS) patients, or from Rsk-2 knockout mice, are impaired both in the transcriptional sion. In fact, as depicted in Figure 2, patches" may engage acidic residues on other histones or on chromatin-associated factors, and that reversible phosphorylation may be utilized to disrupt these electrolinkages to histidine, lysine, and arginine residues of static interactions and thereby unfold the chromatin fihistones have been reported (reviewed in van Holde, ber. Indeed, recent evidence suggests that modulation 1988). We speculate that short basic stretches within of "charge patches" in linker histone H1 via reversible histones may represent "spot-welding" modules used phosphorylation can regulate transcription, presumably to stabilize higher-order chromatin structure. Moreover, through altering higher-order chromatin structure (Dou phosphorylatable (or acetylatable) amino acid residues and Gorovsky, 2000). located within these basic patches may be targets for In addition to basic patches flanking serines 14 and signal-activated kinases/acetyltransferases, and may 32 of H2B, another critical and well-studied basic region regulate dynamic changes in chromatin structure at seis present adjacent to the histone fold domain of H4. This lected loci of the genome. systematically dissect the functional relationship be-(1999) identified a novel JAK2 kinase interacting protein, tween these histone modifications. Jak binding protein (JBP1), which has methyltransferase activity that can methylate histones H2A and H4 in vitro.
Conclusions and Perspectives In addition, Hsl7, the yeast homolog of JBP1, was initially As first pointed out more than 25 years ago, the symmeidentified through a screen for histone H3 synthetic letry displayed in the nucleosome particle of chromatin is thal mutants (Ma et al., 1996) changes to the chromatin structure of localized regions Recently, the heterochromatin-associated murine of the genome. While H2A-H2B and H3-H4 pairings SUV39H protein has been found to possess a Lys9-make up the physical construction of histone octamers, specific histone H3 methyltransferase (HMTase) activity we propose that the N-terminal tails of H2B-H3 and (Rea et al., 2000). As genes within heterochromatin are H2A-H4 act as pairs that function as signaling platforms silenced, the SUV39H-mediated histone methylation (see Figure 1) . We also speculate that histone tails are may have functions in transcription repression. Interestpunctuated by highly basic patches which interact with ingly, mouse cells carrying a targeted mutation of the acidic regions in yet to be identified partners to lead to gene encoding SUV39H display increased levels of adjathe formation of polar zippers that can be "unzipped" cent Ser10 phosphorylation and mitotic abnormalities, by covalent modifications such as phosphorylation or suggesting a potential inhibitory role of H3 Lys9 methylaacetylation. The extent to which these "zippers" stabilize tion on H3 Ser10 phosphorylation. In support of this or maintain higher-order chromatin polymers remains finding, Ipl1/aurora kinase phosphorylates unmodified unclear, but is already hinted at from views of the crystal or Lys9-acetylated H3 peptides equally well in in vitro structure of nucleosome core particles (Luger et al., assays, but fails to phosphorylate the corresponding H3 1997). peptide methylated at Lys9. These data again highlight Signaling to chromatin promises to be an exciting area the dynamic interactions between nearby histone modifor future investigation. The combinatorial and sequenfications.
tial modification of histone tails offers numerous regulaWith the possibility of multiple histone modifications tory opportunities at the level of upstream cross talk present at the same time on the N-terminal histone tails and converging cascades. With the widespread usage (for example see Figure 1 ), what kinds of interplay beof chromatin immunoprecipitation techniques and adtween them can occur? Could these modifications funcvances in microarray technology, future research comtionally regulate each other or could they be used in bining these technologies can globally identify sets of combination to affect the function of nucleosomes and genes that are associated with histones bearing specific chromatin? For example, as mentioned already, there modification marks. Similar approaches in defining genes is now evidence that one modification can affect, be it regulated by other chromatin remodeling factors or MAP cooperative or antagonistic, the establishment of ankinase pathways (Roberts et al., 2000; Sudarsanam et other modification ( Figure 4B) . In other instances, such al., 2000) have already revealed complex circuitries of as Lys9 of H3 which can be acetylated or methylated, gene regulation which histone modifications may also the mutual exclusive nature of modifying the same affect. Based upon the concepts presented here, we amino acid residue could develop into a reciprocal-regususpect that there will be many more "tales" to tell. latory mechanism where the effects on chromatin alternate depending on the modification present (see Figure  4B) . Also, as suggested by the in vitro binding of TAF II 250
